ABSTRACT. Prion diseases, or transmissible spongiform encephalopathies, have revealed the bewildering phenomenon of transmissibility in neurodegenerative diseases. Hence, the experimental transmissibility of prion-like neurodegenerative diseases via template directed misfolding has become the focus of intense research. Gerstmann-Str€ aussler-Scheinker disease (GSS) is an inherited prion disease associated with mutations in the prion protein gene. However, with the exception of a few GSS cases with P102L mutation characterized by co-accumulation of protease-resistant PrP core (PrP res ) of »21 kDa, attempts to transmit to rodents GSS associated to atypical misfolded prion protein with »8 kDa PrP res have been unsuccessful. As a result, these GSS subtypes have often been considered as non-transmissible proteinopathies rather than true prion diseases. In a recent study we inoculated bank voles with GSS cases associated with P102L, A117V and F198S mutations and found that they transmitted efficiently and produced distinct pathological phenotypes, irrespective of the presence of 21 kDa PrP res in the inoculum. This study demonstrates that GSS is a genuine prion disease characterized by both transmissibility and strain variation. We discuss the implications of these findings for the Correspondence to: Romolo Nonno;
Transmissible Spongiform Encephalopathies (TSEs) or prion diseases are fatal neurodegenerative diseases affecting humans and animals which have been historically defined on the basis of their experimental transmissibility. TSEs encompass a range of neurological diseases with disparate origin and epidemiology, and are unique in medicine in that they can occur as sporadic, familial or acquired forms. This group of neurodegenerative diseases is caused by spontaneous or induced misfolding of cellular prion protein monomers (PrP C ) into insoluble and autocatalytically selfreplicating prion protein aggregates (PrP Sc ). PrP Sc is usually resistant to proteinase K (PK), and the protease-resistant core is often referred to as PrP res . PrP Sc is thought to be the main component of prions, the proteinaceous infectious agents which are responsible for TSEs. Prions exist as strains, which are thought to be encoded in conformational variants of PrP Sc .
Different PrP
Sc conformers can be identified by biochemical fingerprinting, which is of help in the molecular discrimination and classification of TSEs. The neuropathological hallmark of TSEs is the spongiform degeneration, which appears with distinctive morphology and brain distribution in different prion strains. Spongiosis coexists with various degree of neuronal loss, gliosis and white matter degeneration, and with the accumulation of various forms of misfolded PrP aggregates in the brain parenchyma.
Scrapie in small ruminants and Chronic Wasting Disease in cervids are emblematic examples of infectious TSEs, which efficiently spread by natural transmission under field conditions. Conversely, most human TSEs are though to originate from spontaneous misfolding of PrP and occur as sporadic cases or are associated with pathogenic mutations of PrP. Still, brain tissues from affected individuals usually contain prions which are transmissible, as shown by bioassay in animal models. The experimental transmissibility is far from being a mere scientific issue, as it underlies the risk of transmitting TSEs under particular circumstances with dramatic public health consequences. This was the case for the iatrogenic epidemics of Creutzfeld-Jacob disease (CJD) caused by human growth hormone treatments and dura mater grafts, the vCJD epidemic in UK linked to the zoonotic transmission of Bovine Spongiform Encephalopathy through food, and the human-to-human iatrogenic transmission of vCJD by blood transfusion. 1 These acquired prion diseases are now less frequent, as awareness of transmission risk has led to prevent such occurrences.
The tenet of experimental transmissibility has been fulfilled for most of the known human neurodegenerative conditions accompanied by misfolded PrP. We have focused our interest on a remarkable exception, represented by cases of a hereditary neurodegenerative syndrome, Gerstmann-Str€ aussler-Scheinker disease (GSS), induced by pathogenic mutations in the prion protein gene and accompanied by aggregates of misfolded PrP with peculiar biochemical properties.
The recognition of human inherited prion diseases predates molecular diagnosis. Historically, families with inherited prion disease have been categorized on clinical grounds in 3 syndromes: GSS, Fatal Familial Insomnia and CJD. GSS is an autosomal dominant disorder with a wide spectrum of clinical presentations including ataxia, spastic paraparesis, extrapyramidal signs, and dementia. A single mutation at codon 102 of the PRNP gene, resulting in an amino acid change from proline to leucine (P102L), was first linked to the typical ataxic presentation of GSS. 2 GSS has later been associated with several rarer PrP mutations at codons 84, 105, 117, 131, 132, 133, 176, 187, 198, 202, 211, 212, 217, 218 and 226, and with insertional mutations in the octapeptide repeat. 3 The variety of PrP mutations conceivably contributes to the widely recognized clinical and pathological diversity in GSS. Still, GSS is characterized by considerable heterogeneity in age at onset, disease duration, clinical manifestations and neuropathological phenotypes both between and within families, pointing to other genetic or epigenetic factors as additional drivers of phenotypic heterogeneity.
Common pathological denominators in GSS are cerebral PrP amyloid plaques and accumulation of misfolded PrP Sc conformers characterized by an atypical protease-resistant core of »8 kDa. Plaque deposits isolated from different GSS-associated mutations (P102L, A117V, F198S, Q217R) appear to be composed of PrP fragments nearly overlapping with the »8 kDa PrP res and which originate only from the mutant allele. 4 However, there is significant variability among reported families in the pattern of amyloid deposition in regions of the central nervous system and in the conformation of PrP Sc . Amyloidosis is usually accompanied by mild or absent spongiform changes, but coexists with severe spongiform degeneration in some patients with P102L mutation.
N-terminal and C-terminal truncated, nonglycosylated, PK-resistant PrP peptides of »8 kDa (8 6, 7, 8 and conformational stability 8 ( Fig. 1) . Owing to the rarity of these inherited neurodegenerative diseases, a comprehensive analysis of PrP Sc conformers across the full spectrum of the PrP mutations causing GSS is still lacking.
Different animal models have been used to study GSS with the aims to model the disease in mice and to assess the potential transmissibility of this heritable prion disease.
Genetic Modeling of GSS in Mice
Attempts to model the disease involved the generation of transgenic mice expressing human or mouse mutant PrP. The first demonstration that a neurodegenerative process similar to GSS can be modeled by transgenesis in mice was reported by Hsiao et al 9 with the generation of mice overexpressing mouse PrP with a leucine substitution at codon 101 (homologous to codon 102 in humans). These mice were reported to develop spontaneously clinical and pathological features of prion diseases, but no PK-resistant PrP was identified in their brains. Several other lines of transgenic mice expressing different levels of murine P101L PrP were then generated, 10, 11, 12, 13 and it was shown that coexpression of wild-type murine PrP was able to modulate the age of disease onset and the severity of neurodegeneration.
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Studies aimed to investigate the transmissibility of the disease from spontaneously sick mice showed that transmission occurred in recipient tg196 mice, which express lower levels of the mutant transgene. 11 However, further observations led to consider this phenomenon as disease acceleration rather than prion transmission. 13 Indeed, Tg196 mice were reported to develop spontaneous neurodegeneration at advanced age 14, 15 and transgenic mice expressing mutant PrP at low levels or wildtype mice failed to develop disease either spontaneously or following inoculation. 13 Accordingly, knock-in mice in which endogenous wild-type mouse PrP was replaced with a mutant P101L mouse PrP did not develop a spontaneous illness. 16 Finally, transgenic mice overexpressing human PrP with P102L mutation did not develop spontaneous disease, 17 suggesting that the mouse PrP background might have played a role in the occurrence of the spontaneous disease described in previous studies. However, spontaneous neurodegenerative disease was also reported in transgenic mice overexpressing mutant 113L bovine prion protein (homologous to human P102L and mouse P101L), but not in those expressing physiological levels of the mutant PrP. 18 Although PrP res was not detected in the brain of these mice, the disease was transmissible, with low efficiency, to transgenic mice expressing wild-type bovine PrP (BoPrP-Tg110).
Other mouse models support the tenet that PrP mutations associated to GSS might induce spontaneous neurodegeneration. Transgenic mice overexpressing mouse PrP carrying an A116V mutation (the homologous of the GSS-associated A117V mutation) developed a spontaneous neurological illness with some neuropathological hallmarks of prion diseases, although obvious PrP res was not observed and the spontaneously sick mice accumulated a faint and weakly PK-resistant PrP fragment. 19 The transmissibility of this spontaneous disease has not been reported. As previously observed with P102L, transgenic mice overexpressing human PrP with A117V mutation instead of mouse PrP with the homologous mutation did not develop a spontaneous neurological disease. 20 Transgenic mice expressing the mouse homolog of a mutant human PrP containing a 9 octapeptide insertion associated with GSS were reported to spontaneously develop a fatal neurodegenerative disorder characterized by ataxia, neuronal apoptosis, and accumulation in the brain of an aggregated and weakly protease-resistant form of mutant PrP. 21 However, attempts to transmit the disease in recipient mice were unsuccessful. 22 Finally, it has been shown that transgenic mice overexpressing GPI-anchorless mouse PrP, that somewhat resembles the rare mutations of GSS which generate C-terminally truncated PrP molecules lacking the GPI-anchor, develop a spontaneous prion disease characterized by a GSS-like protease-resistant PrP fragment. 23 Collectively, these studies suggest that the neurotoxicity can depend at least in part by the expression of mutant PrP, even in the absence of classic PrP res , that there might be a direct effect of the mutation in defining the phenotype of spontaneous disease and that there may be a distinction between neurotoxic and infectious isoforms. 
Transmissibility of GSS in Animal Models
Although GSS with 8 kDa PrP res is considered poorly or not transmissible, evidences for this are rather limited. Indeed, the first studies attempting the transmission of GSS in mice were performed before being aware that GSS with P102L mutation might contain a classical 21 kDa PrP res , besides the atypical 8 kDa PrP res . Furthermore, many mutations that induce GSS are extremely rare and their transmissibility has not been assessed.
GSS with P102L mutation is the most studied form of GSS. In 1981 Masters et al 24 reported that the inoculation in non-human primates of brain homogenates from GSS-affected patients, later identified as carrying P102L mutation, 25 induced spongiform encephalopathy in some recipient animal. Then, transmission studies were also reported in marmosets 25 and mice. 26, 27 It has been later shown that most of the transmitted cases were characterized by severe spongiform degeneration and by the accumulation of both, 21 and 8 kDa PrP res . 5 Accordingly, no transmission occurred in mice, hamster and marmosets after inoculation with brain homogenate from patients with F198S mutation 28, 29 and studies of infectivity of GSS with A117V mutation showed unsuccessful transmissions in wild-type mice. 30 Indeed, both F198S and A117V GSS are characterized by the accumulation of the only 8 kDa PrP res . More recently, the issue of the transmissibility of GSS has been addressed in knock-in or transgenic mice carrying the homologous GSS-associated mutations and not developing a spontaneous disease. Overall, these studies confirmed previous findings showing variable transmissibility of GSS. Indeed, GSS P102L with 21 kDa PrP res could be transmitted in knock-in mice expressing endogenous levels of mouse PrP 101L 31 and in transgenic mice overexpressing mutant human 102L PrP, 17 while inocula derived from GSS P102L patients with 8 kDa PrP res induced PrP-amyloid deposition but not clinical disease and neurodegeneration, and did not lead to the accumulation of a TSE infectious agent. 31 Finally, A117V GSS cases transmitted with low clinical attack rates and after long incubation periods in transgenic mice overexpressing the human 117V PrP. 20 In this study, the disease was accompanied by the accumulation of inherently unstable PrP Sc aggregates, and the accumulation of a transmissible agent in the brain of recipient mice was not addressed.
Taken together, transmission experiments suggest that P102L GSS cases with 21 kDa PrP res and possibly with extensive spongiform degeneration are associated with classical transmissibility of PrP misfolding and prion disease, while these studies fall short in providing definitive proof that GSS forms characterized by 8 kDa PrP res actually contain transmissible agents. In keeping with evidences from transgenic mouse models of spontaneous disease, this might lead to hypothesize that the atypical PrP Sc conformers which characterize most GSS cases could be associated with neurotoxicity, but not with "true" infectivity. Some support to this hypothesis derives from the study of a newly described sporadic prion disease, Variably Protease Sensitive Prionopathy (VPSPr). VPSPr is characterized by an atypical PrP Sc isoform with a »7 kDa PK-resistant core, similar to GSS, suggesting that VPSPr might be the long-sought sporadic form of GSS. 32 Interestingly, it has been difficult so far to provide evidence that VPSPr is a transmissible prion disease, as transmission in transgenic mice expressing human PrP showed low penetrance of disease on primary transmission and did not lead to the accumulation of an infectious agent, as shown by the lack of disease transmission on subpassage into the same transgenic mice. 33 Thus GSS and other TSEs characterized by 8 kDa PrP res might provide an opportunity to investigate the pathogenic roles played by different conformers of misfolded protein aggregates, an issue which attracts increasing interest of the scientific community in the field of neurodegenerative diseases accompanied by protein misfolding, such as Alzheimer disease and Parkinson disease.
Experimental Transmission of GSS in Bv109I
Although transmissibility is the prototypical property of prions, the efficiency of experimental transmissions is highly variable and mostly depends on the prion strain and the recipient host involved. We established bank voles as a rodent model able to propagate most of the known TSEs, 34, 35, 36 a property later shown to depend on the primary structure of bank vole PrP. 37, 38 Bank vole PrP is polymorphic at codon 109, coding for methionine or isoleucine, and this amino acid variation further modulates the susceptibility of bank voles to various prion strains, 36, 39 including atypical scrapie, which is characterized by GSS-like PrP Sc conformers. 8 We thus reasoned that bank voles could have been a convenient animal model to challenge the hypothesis that neurotoxicity and transmissibility might be uncoupled in the atypical PrP Sc conformers which characterize GSS. Seven GSS cases with P102L, A117V and F198S mutations were inoculated in bank voles carrying isoleucine at codon 109 of PrP (Bv109I). The overall results of this study are summarized in Fig. 2 . In our experiments, all GSS cases induced in voles a prion disease characterized by spongiform degeneration and PrP Sc deposition, most of them between 3 and 7 months post-challenge. 40 Furthermore, second passages in voles were highly efficient proving that in all cases (ref. 40 Interestingly, P102L, A117V and F198S GSS cases displayed varying transmission efficiencies and phenotypes of disease (Fig. 2) . The two cases of GSS A117V induced a rapid and aggressive TSE in voles, which faithfully reproduced the PrP Sc molecular feature of the human counterpart and propagated without an obvious transmission barrier. Although the transmission efficiency was lower with GSS F198S cases than with A117V cases, both F198S cases were transmitted in bank voles, providing the first evidence of transmissibility of this disease. Despite previous evidences that the infectivity of GSS cases with P102L was associated with the 21 kDa PrP res , we found that cases characterized by the accumulation of 8 kDa PrP res were transmissible in voles and produced all the neuropathological and molecular features of prion diseases. Interestingly, the P102L cases selected on their different PrP Sc patterns resulted in different transmission efficiencies and disease phenotypes. Indeed, within the limited set of P102L GSS patients used, 3 different molecular and pathological phenotypes were derived in voles, and the resulting PrP Sc types partially matched those present in the respective inocula (Fig. 2) .
Overall, these findings prove that GSS with 8 kDa PrP res is a transmissible prion disease and elicit new questions which can be now experimentally addressed.
The Elusive Nature of the Experimental Transmissibility of GSS
The notion of the low transmissibility of GSS dates back to experiments using wild-type mice, so that it could be argued that this might depend on the limited susceptibility of wild-type mice to several human TSEs. 34, 41 A systematic investigation of the transmissibility of GSS in transgenic mice carrying human PrP is still lacking. However, transgenic mice expressing mutated PrP have been challenged with GSS cases with the homologous mutations, with limited success. The failure of transmitting P102L cases with 8 kDa PrP res in transgenic mice which express murine PrP P101L 31 could still be tentatively explained by amino acid mismatches between human and mouse PrP sequences. However, it would be difficult to explain on this ground why A117V GSS cases have been transmitted more efficiently in voles than in transgenic mice which express human PrP with the A117V mutation.
These findings suggest that the full propagation of PrP misfolding and prion-induced neurodegeneration of GSS with 8 kDa PrP res might 
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or near the b2-a2 loop might create a permissive PrP sequence able to overcome some species barriers, 42 and that recombinant vole PrP with methionine at residue 109 is an apparently universal substrate for RT-QuIC-based in vitro replication of disease-linked PrP Sc isoforms. 38 However, ongoing studies in bank voles carrying methionine instead of isoleucine at residue 109 of PrP (Bv109M) show that, at variance with Bv109I, Bv109M are rather resistant to GSS with 8 kDa PrP res (unpublished data). This implies that having a "permissive" b2-a2 loop in the vole PrP is not sufficient per se for being susceptible to GSS and that the presence of isoleucine at PrP residue 109 might have been an additional key factor. Interestingly, residue 109 might be implicated in GSS-specific PrP Sc misfolding pathways as it lies in a region of PrP enriched in GSS-linked mutations, i.e. P102L, P105L, P105T and A117V. Studies with transgenic mice overexpressing vole PrP with isoleucine at codon 109 support this hypothesis, as these mice spontaneously develop a transmissible neurological disease, 43 which is characterized by a GSS-like atypical 8 kDa PrP res . 44 Ongoing experiments aimed at investigating the relationships between the spontaneous disease in mice overexpressing bank vole PrP containing isoleucine at codon 109 and the disease induced in wild-type Bv109I by the inoculation of GSS cases might thus provide significant clues for explaining the susceptibility of Bv109I to GSS and the nature of the elusive transmissibility of GSS.
Heterogeneity of Clinical and Pathological Features of GSS: The Strain Hypothesis
Although GSS is most frequently associated with prominent ataxia, the clinical presentation can be highly heterogeneous in different patients and families. Similarly, large multicentric PrP amyloid plaques and atypical 8 kDa PrP res are prototypical pathological hallmarks of GSS, still other neuropathological changes, such as more or less severe spongiosis, white matter degeneration, synaptic deposition of PrP Sc and tau pathology, may be present with a strong inter-individual variability. Importantly, these variations cannot be solely explained by the different pathogenic mutations which cause the disease, as different clinical and pathological features often characterize members of the same family. 45 Either genetic or environmental factors might play a role in driving different neuropathological pathways by i) affecting the pathological consequences of PrP misfolding, i.e., the neurotoxicity of PrP Sc , or ii) affecting PrP misfolding itself, leading to different PrP Sc conformers, i.e. different strains, which in turn elicit distinct neuropathological cascades. The findings that different PrP Sc conformers can be associated with different GSS cases (Fig. 1) , and that cases associated with different PrP Sc conformers may induce different phenotypes of disease in voles (Fig. 2) it is tempting to speculate that different GSS strains, encoded by distinct PrP Sc isoforms, could cause at least in part the pathological and clinical heterogeneity observed in GSS cases. Ongoing experiments of subpassage in Bv109I and transmission of these GSS cases in other susceptible animal models will establish if different GSS strains can be isolated upon experimental transmission in animal models.
Can Atypical PrP
Sc with »8 kDa Protease-Resistant Core Advance Our Understanding of Infectious Prions?
Previous findings that GSS forms with only 8 kDa PrP res were characterized by low or absent spongiform degeneration and by lack of transmissibility in mice led to hypothesize that this atypical PrP Sc could be endowed with low neurotoxicity and/or low infectivity. Our findings challenge this view, as they show that the intracerebral inoculation of A117V, F198S and P102L GSS cases with only 8 kDa PrP res induced in voles seeded misfolding, spongiform degeneration, fatal neurological disease and the replication of a TSE infectious agent. Notably, the brain of recipient voles contained only 8 kDa PrP res , which argues for atypical PrP Sc as being the misfolded conformer responsible for neurotoxicity and infectivity. Similarly, it has been recently shown that transgenic mice expressing bank vole PrP carrying isoleucine at codon 109 spontaneously develop neurodegeneration and fatal neurological disease accompanied by the accumulation of infectious prions and atypical, GSS-like, PrP Sc conformers. 44 Evidences supporting this view also derive from atypical scrapie or Nor98, a natural TSE of sheep and goats. Atypical scrapie has a sporadic occurrence and is mainly diagnosed in old animals carrying rather rare polymorphic PrP variants. 46 PrP Sc from atypical scrapie is characterized by GSS-like N-terminal and Cterminal truncated PK-resistant PrP fragments. 8 Still, brain tissue from animals with atypical scrapie is characterized by prominent cortical and cerebellar spongiform degeneration 47 and contain infectious prions which are experimentally transmissible in natural hosts 47, 48 and transgenic mice. 49, 50, 51, 52 These data cannot however exclude that other PrP Sc conformers, sensitive to proteases, might have played a role in driving the observed phenotypes. Indeed, the identification of PrP Sc is usually accomplished by treatment with PK of brain homogenates, and the isolation of native PrP Sc conformers has not been routinely attempted. Thus, definitive proof of the infectious and/or neurotoxic roles of 8 kDa PrP res conformers is still lacking, and could be experimentally pursued by studies of infectivity in PK-treated brain homogenates.
The identification of the 3-dimensional structure of infectious PrP Sc conformers is one of the major unmet needs in the prion field. The insoluble, non-crystalline nature of PrP Sc precluded so far to determine their structure by high resolution methods such as NMR and crystallography. Current structural models of PrP Sc mainly derived their constraints from data obtained with a variety of techniques, such as electron microscopy, circular dicroism, Fourier transform infrared spectroscopy, X-ray fiber diffraction and hydrogen/deuterion exchange among the others. 53 Finally, attempts to obtain pure preparations of synthetic prions failed so far to provide highly infectious material. Further studies with 8 kDa PrP res will hopefully lead to the purification of atypical PrP res aggregates associated with high levels of infectivity and made up of short, nonglycosylated and non GPI-anchored PrP fragments, which might represent a convenient "miniprion" for structural studies, potentially able to overcome some of the experimental obstacles posed by the highly glycosylated and GPI-anchored conventional PrP Sc conformers.
Concluding Remarks
Following the lack of replication of a TSE infectious agent in mouse models of GSS, it has been recently proposed that there are three potential pathways associated with transmission of protein misfolding, resulting in i) neurodegenerative disease and replication of an infectious agent; ii) the induction of a noninfectious proteinopathy with toxic effects in the brain; and iii) the seeding of protein misfolding that is neither infectious nor toxic. 54 The finding that cases of GSS which are not obviously transmissible in transgenic mice carrying the homologous PrP could be easily transmitted in wild type voles calls for caution in ascribing solely to the PrP Sc conformers in the donor tissue the different proposed degrees of transmissibility. Indeed our findings imply that these different degrees of transmissibility might rather represent the outcome of the interaction of the pathological tissues with the recipient host species. This suggests that the boundary between experimental transmissibility of disease and mere induction of misfolding might be subtle. We believe that these evidences might put in a new perspective the ongoing debate on the nature of other prion-like neurodegenerative diseases, such as Alzheimer disease and Parkinson disease, for which it has been difficult so far to demonstrate the transmissibility of the neurodegenerative condition per se, including the induction of protein misfolding and of the associated neurodegenerative changes leading to clinical disease and death. 55 
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